The KBS-3 method for long-term disposal of spent nuclear fuel is designed with an external self-standing copper shell, which provides the most important barrier against corrosion and escape of radionuclides, and an internal nodular cast iron insert, which provides the loadbearing structure against external loads. The material intended for the load-bearing insert is ferritic nodular cast iron EN 1563 grade EN-GJS-400-15U. In this paper, hydrogen uptake and sensitivity to hydrogen-induced cracking of the cast iron were studied using tensile testing under continuous electrochemical charging in 1 N H 2 SO 4 solution. Hydrogen uptake was measured by using the thermal desorption method. It was found that the hydrogen desorption profile manifests three distinct peaks at initial locations of 400, 500, and 700 K with a heating rate of 6 K/ min. Plastic deformation results in a remarkable increase of the 400 K peak, which indicates hydrogen uptake during deformation. In the constant extension rate tests (CERT) and the constant load tests (CLT), electrochemical hydrogen charging reduced markedly the elongation to fracture and time to fracture, respectively. In CLT, hydrogen charging increased dramatically the creep rate at the applied load of about 0.7 yield stress. Ligaments between the graphite nodules exhibit brittle cleavage facets in the presence of hydrogen, while the ligaments show a characteristic ductile appearance of shear and small dimples when testing in air or distilled water. The obtained results are discussed in terms of the known mechanisms of hydrogen-induced cracking and the role of the graphite nodules in the embrittlement of ductile cast iron.
Introduction
The development of the final disposal concept of spent nuclear fuel started in 1976 in Sweden with the so-called KBS project (kärnbränslesäkerhet; nuclear fuel safety). The KBS-3 method was presented in 1983 as a result of continuous evaluation and development of the method. The KBS-3 method involves an external self-standing copper shell and an internal structural nodular cast iron insert (Raiko et al., 2010; SKB, 2010; Raiko, 2013; see Figures 1 and 2) . This design provides a relatively thick corrosion barrier of 50 mm of copper but may be expensive from the manufacturing and raw materials perspective. The design and initial state of the KBS-3 canister is presented in ref. SKB (2010) , the manufacturing in Nolvi (2009) , and nondestructive inspection in Pitkänen (2013) . The design is based on government regulations, conditions of the repository, and design basis cases from the assessment of the long-term safety. The canister contains the spent nuclear fuel and prevents the release of radioactive substances into the surroundings. The canister shields also radiation and prevents criticality.
The main mechanical aspects of the canister in terms of safety are the creep strength and ductility of the copper shell, as well as the strength and pressure-bearing capacity of the cast iron insert. The main design premises in the KBS-3 method are that the corrosion barrier is thick enough for all forms of corrosion and that the canister shall withstand an isostatic pressure of 45 MPa and an arbitrary rock shear of 50 mm. The design also includes a number of requirements for the bentonite clay used to backfill the emplacement boreholes. The bentonite buffer provides a self-healing medium when wet. This inhibits the transportation of oxygen and sulfide ions to the canister surface, as well as the transport of released radionuclides from the canister, if failed. In addition, the bentonite buffer provides a number of mechanisms for accelerating the establishment of anoxic conditions on the copper canister surface. As all the mechanical loads on the canister are transferred through the bentonite buffer, the material properties of the bentonite clay define important conditions for the design analysis of the canister.
The copper shell and lid are made of high-purity phosphorous-alloyed oxygen-free copper (Cu-OFP). The copper components are welded by friction stir welding (FSW) , which is capable of producing high-integrity welds in 50 mm copper (Andersson et al., 2000) . FSW was selected as the main welding method in Sweden in 2005 and in Finland in 2013. The insert is manufactured from ferritic nodular cast iron EN 1563 grade EN-GJS-400-15U. Channels for the spent nuclear fuel are formed by placing EN10210-1 S355J2H steel tubes in place before casting and the insert is sealed with a S355J2 steel lid. The reference design comprises two different cast iron insert structures for 12 boiling water reactor spent fuel assemblies and for four pressurized water reactor fuel assemblies (see Figure 1 ). The initial state of the canister is defined as the state when the canister is deposited in the repository (SKB, 2010) . The initial state should match the reference design, e.g. material composition, material properties, and dimensions. For example, the maximum allowed surface temperature of the canister at time of disposal is 100°C, and the maximum allowed surface dose rate is 1 Gy/h (Raiko et al., 2010; SKB, 2010) . However, the long-term performance of the canisters is dependent on the repository conditions prevailing for centuries. These conditions are evolving over time; e.g. water saturation of the bentonite buffer affects its density, and in some cases, it may take hundreds of years to reach a stable-state condition in water saturation of the bentonite. This results in an evolving state of the canisters, in which the barrier functions of the different components reach optimal target states in different times.
Mechanical performance of cast iron in the repository conditions
The analyses (Raiko et al., 2010; SKB, 2009 SKB, , 2011 show that the copper shell remains intact under the mechanical loads of the design premises, as long as the nodular cast iron insert remains structurally sound. The damage tolerance analyses of the cast iron insert have to be based on the allowed defect sizes in the manufacturing and actual mechanical properties in the repository conditions, taking into account, e.g. irradiation embrittlement, hydrogen embrittlement, creep, and blue brittleness of cast iron. These phenomena can make the cast iron insert brittle, and if it fractures, it is possible that the copper liner will also break, damaging the canister and risking the release of radioactive substances. It is important to know the combined effect of these embrittlement mechanisms and their effect on the performance of the cast iron insert. The canister must be able to withstand large loads that may arise as a result of an earthquake or under glacial conditions. A 50 mm rock shear can cause 1-2.5% plastic strain of the canister insert (Raiko et al., 2010; SKB, 2010; Raiko, 2013) , and if the insert is brittle, it may fracture. The probability of major earthquakes that can cause this occurrence in the proximity of the repository is low, but there is uncertainty due to the very long timeframe of at least 100,000 years. There are, in general, greater uncertainties considering the embrittlement of the nodular cast iron insert than considering the ductility of the copper shell. This applies to mechanical properties, microstructure, and chemical composition of the nodular cast iron insert. Variations occur when the inserts are cast, which affects the quality of the inserts in terms of ductility and fracture toughness.
The objective of this paper is to discuss the uncertainties related to the cast iron insert and its characteristics in the long-term disposal, as well as study the hydrogen-induced fracture of cast iron. The uncertainties must be addressed latest in the stepwise licensing under the Swedish Act on Nuclear Activities. Three types of embrittlement mechanisms, in addition to creep, are of concern: 1. The copper impurity content of cast iron affects its mechanical properties when subjected to gamma and neutron radiation (radiation-induced embrittlement). 2. The impact of hydrogen on all the canister materials must be evaluated (hydrogen embrittlement). 3. An embrittlement mechanism of cast iron that has not been studied in sufficient depth yet is static and dynamic strain aging (so-called blue brittleness).
Design case and requirements for the cast iron insert
The cast iron insert is the canister's load-bearing structure, and thus, there are high requirements on its durability. Ductile cast iron is a common choice for large structures such as the canister insert. The ductile cast iron's mechanical properties are formed by the microstructure of its matrix (ferrite and pearlite), the shape, size, and distribution of graphite, slag inclusions, porosity, and casting defects. All these microstructural features are controlled by foundry practices such as adjustments to chemical composition, casting methods, and heat treatment (Mourujärvi et al., 2009; Raiko et al., 2010; SKB, 2010; Raiko, 2013; Wallin, 2014; Hutter et al., 2015) . The requirements for the mechanical properties of the ferritic nodular cast iron at ambient temperature are as follows: elongation to fracture >12%, tensile yield strength >240 MPa, ultimate tensile strength >370 MPa, and fracture toughness (in ductile fracture) K Ic > 78 MPa (m) 1/2 (SKB, 2016).
The canister must be able to withstand loads during, for example, an earthquake and glacial conditions. The maximum expected isostatic pressure of 45 MPa is the sum of maximum swelling pressure of bentonite, maximum ground water pressure, and glacial compressive loads. The load case also includes an asymmetrical load of 15 MPa as a result of uneven bentonite swelling at elevated temperature of approximately 125°C for the first 1000 years. In addition, the canister must withstand shear stresses that may occur as a result of an arbitrary 50 mm shear of the bedrock with speed of 1 m/s, for all locations and angles of shear, and at all relevant temperatures down to 0°C (Raiko et al., 2010; SKB, 2010; Raiko, 2013) . Shear movements may occur at any time during the deposition period but they are primarily expected during early and late glaciation period. It should be noted that prior plasticizing shear deformation on the canister may drastically affect its isostatic load bearing capacity later in the deposition period due to static strain aging.
According to modeling, the maximum temperature inside the copper canister is reached at the center of the fuel element (approx. 230°C, maximum permitted temperature 300°C; Raiko, 2013) . The temperature of the cast iron insert is lower, because of the cast iron's high thermal conductivity. There will be a thermal gradient, but currently, it is not taken into account in the thermal analysis. The maximum temperature in the cast iron insert (approx. 150°C) is estimated to be up to 60°C higher than that in the copper shell (Raiko, 2013) . The maximum temperature on the copper canister surface is expected to be approx. 90°C and on the surface of the bentonite buffer approx. 80°C, which will be reached after about 10 years of disposal. The thermal impact will affect the canister materials for a relatively short period of time, i.e. a few 1000 years. During the early period of elevated temperatures (the first 1000 years), different ageing mechanisms (both static and dynamic strain aging, so-called blue brittleness) can affect the cast iron, which later may also be of major significance for the durability of the cast iron insert at lower temperatures.
When subjected to gamma and neutron radiation, the copper content in the cast iron insert affects its mechanical properties (Guinan, 2001) . Radiation-induced precipitation of copper causes the embrittlement, and the properties may worsen in terms of stable ductile crack growth. Research on radiation-induced embrittlement continues in order to be able to impose requirements on the maximum copper content of the cast iron, thereby reducing uncertainty in terms of embrittlement.
There are both internal and external sources of hydrogen in the canister that can cause hydrogen embrittlement in the canister materials. According to the design case, water left in each canister after drying the fuel elements must be less than 600 g (Raiko et al., 2010) . It is possible that oxygen-free iron corrosion occurs, producing hydrogen gas. The effect of this hydrogen on the canister materials, including the cast iron insert, must be known in detail. The combination of stress state, hydrogen uptake, and elevated temperature may increase the risk of hydrogen embrittlement and creep in the canister materials. There are some studies on hydrogen embrittlement of ductile cast iron with a ferritic matrix (Takai et al., 2002; Matsunaga et al., 2014; Wu et al., 2015; Matsuo, 2017) , but hydrogen effects on cast iron with low pearlite content have not been studied in detail. It is known that hydrogen uptake in cast iron is much higher than in carbon steel even with a high pearlite content. Research on ductile cast iron has shown that hydrogen accumulates not only on graphite/ matrix interfaces but also within the graphite nodules (Takai et al., 2002; Matsunaga et al., 2014; Matsuo, 2017) . In ductile cast iron, the porosity affects both hydrogen content and diffusivity. The ductility of cast iron is affected drastically by hydrogen absorption, and brittle, cleavage-like fracture occurs around the graphite nodules (Wu et al., 2015; Matsunaga et al., 2014; Matsuo, 2017) . It has been observed that separation of graphite from the matrix initially takes place before the initiation of cracks (Matsunaga et al., 2014; Matsuo, 2017) , and the susceptibility to brittle crack growth increases if the strain rate decreases.
An embrittlement mechanism of ductile cast iron that has not been studied extensively, which must be taken into consideration, is static and dynamic strain aging (blue brittleness). The matrix in ductile cast iron, where plasticity takes place, is ferritic, similar to electrical sheet steel, but ductile cast iron has no sharp yield point (Hutter et al., 2015; Pihlajamäki, 2017) . The reason for this may be that plastic flow of the graphite nodules begins on a continuous basis under the proof stress, even if dynamic strain aging of cast iron is qualitatively similar to that of standard structural steel. Strain aging is a hardening and embrittlement mechanism that takes place in carbon steel and cast iron under specific combinations of plastic strain and temperature conditions. If the embrittlement occurs after deformation, it is called static strain aging. If the embrittlement occurs at the same time as deformation, it is called dynamic strain aging. The phenomenon occurs within the temperature range of 50-250°C, and the material's specific free-carbon and nitrogen content is decisive for the embrittlement mechanism. Carbon and nitrogen atoms diffuse and collect around dislocations and grain boundaries, causing the embrittlement (Honeycombe & Bhadeshia, 1995) . It is important to understand how strain aging influences the ductility and toughness of the cast iron insert.
The cast iron insert will be placed under a load for a long time, which may lead to a creep in the structure of the insert. Creep may be affected by the geometry of the inner parts of the insert, which induce stress concentrations, as well as absorbed hydrogen and residual stresses in the casting. There are currently only limited results from creep testing of cast iron (Martinson et al., 2010) , and they have been used to rule out creep as a degradation mechanism in the cast iron insert in the repository conditions. However, it is important to continue the testing of creep mechanisms in cast iron.
There are still major uncertainties concerning the integrity of the canister in terms of ductility and fracture toughness of the cast iron in combination with the accepted defect size. The critical defect size of the cast iron insert (weighing 13.6 t) is only 4.5 mm to withstand a shear of 50 mm of the bedrock, which places significant requirements on manufacturing and nondestructive testing (Raiko et al., 2010; SKB, 2010; Raiko, 2013) . The intended methods for quality control of the cast iron insert are still in the preliminary stage.
The failure mechanisms of the cast iron insert, evaluated up to this date, only include ductile collapse (buckling) by stable ductile crack growth (Raiko et al., 2010; SKB, 2010; Raiko, 2013) . Brittle cleavage fracture has been excluded, and cast iron is considered to be ductile in all expected conditions in the repository throughout the entire temperature range (Raiko et al., 2010) . It is known that ductile cast iron has a ductile-to-brittle transition at low temperatures and at increased strain rates (Hutter et al., 2015) . Material testing has only been carried out at temperatures from 0°C to room temperature, and not in the strain aging range of 50-250°C, which is similar to the early operation temperature. It is possible that there will be a drastic reduction in elongation to fracture and fracture toughness at elevated temperatures. When analyzing the cast iron insert's durability, all loading cases must be included, and the elevated temperature exposure also must be taken into consideration. Temperature-dependent data on the mechanical properties of ductile cast iron are lacking, which means that there are major uncertainties remaining. All the aforementioned embrittlement mechanisms favor brittle cleavage fracture. If the load-bearing cast iron insert fractures through a brittle fracture mechanism, it is possible that the copper liner will also break, damaging the canister and risking the release of radioactive substances.
There are no data summarizing the effects of blue brittleness, radiation-induced embrittlement, hydrogen embrittlement, and creep as a whole. The ductile cast iron inserts are prone to both static and dynamic strain aging within the temperature range of the disposal conditions, both during and after a possible plasticizing shear movement in the bedrock. The residual stresses in the insert may also affect this process. Hydrogen is known to affect the mechanical properties of ductile cast iron and induce cleavage fracture, but the permitted hydrogen content for the insert has not been specified yet.
Materials and methods
Mechanical performance of nodular cast iron grade EN-GJS-400-15U was studied in continuous electrochemical hydrogen charging, as well as in air and distilled water. The material was cut from insert casting I73 produced by Posiva Oy, Finland. The mechanical properties of casting I73 are as follows: yield strength 276 ± 4 MPa, ultimate tensile strength 398 ± 15 MPa, and elongation to fracture 13 ± 5% nominal strain. The chemical composition of the cast iron is shown in Table 1 . The material for the studies was cut as a segment from the cast iron insert, which was then cut into an initial block of material from the middle of the segment, as shown in Figure 3A . The initial block was then mechanically machined into billets of width of 15 mm and length of 250 mm (marked with A and B in red color in Figure 3A ) to manufacture tensile specimens along the length of the casting. A type represents material from inside the casting near a channel tube, and B type represents material near the outside surface of the casting. The tensile specimens were cut into shape with electro-discharge machining (EDM) according to the specimen geometry shown in Figure 3B . The same specimen geometry was used for all the tests. Prior to testing, the gauge section of the tensile specimens was mechanically ground with 1200 grit emery paper to remove the EDMaffected surface layer.
The tensile specimens were tested by using constant extension rate (CERT) and constant load tests (CLT). Both test types were performed in air, distilled water, and in an environmental cell under continuous hydrogen charging Figure 4A ). The tests were performed with a custom designed extensometer immersed inside the electrochemical cell, which allowed the measurement of elongation of the tensile specimen gauge section inside the aggressive environment of the electrochemical cell ( Figure 4B ). Hydrogen charging was performed in the threeelectrode electrochemical cell consisting of Pt counterelectrode and Luggin probe with Hg/Hg 2 SO 4 reference electrode. Only the gauge section of the test specimen was exposed to the solution (working electrode) by insulating the rest of the specimen surface with Teflon tape. The total volume of the circulating solution with the pumping rate of 2 cm 3 /s between the test cell and the conditioning container was about 1.5 l.
Hydrogen was introduced in the test specimens from de-aerated 1 N H 2 SO 4 solution containing 10 mg/l thiourea under controlled applied electrode potential of 2 4
Hg/Hg SO 950 mV − at room temperature. Before tensile testing, the specimens were pre-charged for 60 min. It is expected that this will provide a homogeneous distribution of hydrogen in the ferritic matrix across the specimen different trapping sites of hydrogen in the studied material. The temperature range of the TDS measurements covers room temperature to 1200°C. Microstructural characterization and fractography was performed using a Zeiss Merlin field emission gun scanning electron microscope. Some of the tensile tests were interrupted before complete fracture to examine the crack path, and some were fractured until the end to study the fracture surface. Conventional wet grinding and diamond paste polishing down to a 1 μm diamond paste was used for sample preparation when observing the appearance of cracking from the side surfaces of the specimen. number of spikes appear on the low-temperature side of the TDS peak (green-yellow curve in Figure 5B ), which evidences opening of cavities due to high hydrogen pressure, most likely around graphite nodules located beneath the specimen surface. Similar to the specimens after CERT in hydrogen charging, the CLT specimens manifest only a minor effect of loading on the 500 K desorption peak (or in this case the 560 K peak). A set of as-supplied A-type specimens was measured with different constant heating rates in the range of 1-10 K/min according to the method of Choo and Lee (Choo & Lee, 1982) in order to estimate the activation energies of hydrogen desorption of the 500 and 700 K peaks. Systematic shift of the 500 and 700 K peaks due to varied heating rate is shown in Figure 6A . The temperature maximum of both peaks was determined assuming that the peaks are well approximated by a Gaussian function, even if the 700 K peak seems to manifest a multicomponent structure. The result of the analysis is shown in Figure 6B . Activation energies of hydrogen desorption from trapping sites are 0.38 ± 0.08 and 1.19 ± 0.06 eV for the 500 and 700 K peaks, respectively. It is necessary to notice that the obtained values of the activation energy are apparent in their nature, because hydrogen re-trapping at the graphite nodules cannot be excluded. hydrogen charging. Typical results of the tests are shown in Figure 7 . The A-and B-type cast irons manifest rather similar behavior in both testing modes, with large scatter of elongation to fracture in CERT, and large scatter of time to fracture in CLT. The stress-strain behavior of the A-type cast iron in air and distilled water is shown in Figure 7A with blue and green curves, and the results are compared to a typical curve in hydrogen charging, shown in red. The yield stress decreases from about 240 to about 200 MPa because of hydrogen charging. The ultimate tensile strength is also drastically reduced from 330 to about 260 MPa. In addition, CERT under continuous hydrogen charging shows a remarkable reduction of elongation to fracture. The CLTs were performed with the immersed extensometer at an applied stress of 160 MPa in air, in distilled water, and under continuous hydrogen charging. Almost no creep was observed in either A-or B-type material in air or distilled water, as seen in Figure 7B . However, hydrogen charging increased the creep rate considerably, and some of the specimens fractured before the planned loading time of 24 h, which can be seen as a dramatic increase of strain for some of the specimens in Figure 7B . The strain rate at each point in time was calculated from the data, corresponding to the linear Stage II of creep, and it is shown in Figure 8 . The red curve in Figure 8 corresponds to the red curve in Figure 7B (A-type cast iron under hydrogen charging), and the dark yellow curve corresponds to the dark yellow curve in Figure 7B (B-type cast iron under hydrogen charging). Both cast irons manifest a considerable increase of creep rate, which varies in time. An important finding of the CLTs is that in the presence of electrochemically introduced hydrogen, the specimens cut near the outside surface of the cast iron insert (B-type, yellow marks) show roughly two times higher creep rate than the specimens from the inside of the casting (A-type, red marks). In addition, the corresponding creep rate versus time curves are rather different, indicating differences in the microstructure and creep mechanism of the inner and outer parts of the cast iron insert.
Results

Hydrogen uptake and trapping
Constant extension rate testing and constant load testing
Microstructure and fractography
Typical micrographs of the A-and B-type cast irons after etching in 2% nital solution are shown in Figure 9 . is about two orders of magnitude higher in hydrogen charging than that for the specimens tested in air or distilled water.
The cast iron B close to the outside surface of the insert ( Figure 9B ) manifests a markedly coarser microstructure with some visible pearlite, whereas cast iron A, which was cut from inside the casting, contains considerably smaller graphite nodules ( Figure 9A ). This is probably due to faster cooling rate of the A-type material because of the close proximity of a channel tube inside the casting (see Figure 3A ). Volume fractions of the graphite nodules are 0.059 and 0.056 in A-and B-type cast irons, respectively. Nodular graphite dominates the microstructure. The nodularity is close to 100% (the fraction of nodules of types V and VI in percentage, EN ISO 945-1: 2008). The average nodule size in the inner part of the cast iron insert is 20.4 μm (A-type) and close to the outside surface of the casting 44.5 μm (B-type), while the volume densities of the graphite nodules are 6.96 × 10 12 and 6.31 × 10 12 m −3 , respectively. The spheroidal graphite nodules have a layered flaked structure and incoherent graphite/ferrite interface ( Figure 10A ), and the nodules may be affected by the hydrogen charging ( Figure 10B ). Grain size of the ferrite matrix of A-type cast iron is about 70 μm, and very little pearlite phase is present. The ferrite grain size in B-type cast iron is about 78 μm, and a small amount of pearlite is present (less than 5%).
Fracture surfaces in both types of cast iron tested in CERT and CLT manifest, in general, a dimpled appearance with large dimples forming around the graphite nodules, as shown in Figure 11A for the A-type cast iron in CLT under continuous hydrogen charging. The studied fracture surfaces have a rather similar general appearance after testing in different environments, but in the presence of hydrogen, brittle cleavage facets appear around the graphite nodules interconnecting the large dimples ( Figure 11B) . Figure 12 shows similar brittle cleavage fracture in the B-type cast iron under hydrogen charging. Fracture occurs at the interface between the ferrite matrix and the graphite nodules. In comparison, fracture in air and distilled water results in the ligaments between graphite nodules showing small closely spaced dimples, which nucleate from small nonmetallic inclusions in the ferrite matrix similar to those forming in ductile fracture of ferrite.
The appearance of fracture in interrupted CERT of the A-type cast iron tested in distilled water and under continuous hydrogen charging is shown in Figure 13 . In distilled water, the crack advances by linking of the large cavities forming around the graphite nodules by shear and development of small microvoids in the ferrite ligaments ( Figure 13A ). The appearance of fracture is markedly different in the presence of hydrogen. A large number of brittle cracks form around and ahead of the main crack, linking the ligaments between the graphite nodules in a brittle manner on planes normal to the loading direction ( Figure 13B) . The hydrogen-induced cracks initiate from the graphite nodules perpendicular to the loading direction ( Figure 14) . It is important to notice that in the presence of hydrogen, many small cracks initiate at graphite nodules ahead and around of the main crack path ( Figure 13B) , indicating that the graphite nodules function as stress concentration sites and play an important role in hydrogen-induced cracking. The fracture in air and distilled water occurs by shear and coalescence of the small microvoids, which form in the ferrite ligaments between the graphite nodules, under stress localized at the growing main crack tip. 
Discussion
The TDS results of the present study may be compared to studies on hydrogen uptake in nodular cast iron by Takai et al. (2002) , where two distinct TDS peaks were observed between 470 and 520 K and between 670 and 720 K after immersion of the cast iron specimens in 20% solution of NH 4 SCN at 50°C for 24 h. It seems that the TDS peaks observed in Takai et al. (2002) may correspond with the 500 and 700 K peaks in the present study. The activation energies of the desorption peaks observed in Takai et al. (2002) were 0.22 and 1.09 eV, which are close to the activation energies of the 500 and 700 K peaks of the present study (0.38 and 1.19 eV). It is necessary to notice that the difference in the activation energies may originate from the differences in the microstructure of the cast iron studied: the cast iron of the present study is almost free of pearlite phase, while the cast iron in Takai et al. (2002) consisted of almost fully pearlitic matrix.
Hydrogen TDS peak observed in the present study at 400 K (which shifts to 450 K when load is applied) manifests a specific behavior: the peak amplitude increases by two orders of magnitude as a function of time during continuous hydrogen charging in CLT, when compared to pre-charging with hydrogen without loading for 1 h. The observed behavior of the 400 K peak can be explained by a massive generation of hydrogen trapping sites, such as vacancies and vacancy complexes, or other form of free volume under the applied loading in continuous hydrogen charging. An alternative explanation is a possible increase of hydrogen trapping sites inside the graphite nodules because of deformation of the nodules under applied loading. However, confirmation of the trapping mechanism and origin of the 400 K TDS peak needs additional and more detailed studies.
Taking into account that the 500 K TDS peak (which shifts to 560 K in hydrogen charging) does not change markedly after loading in CERT and CLT, it can be assumed that the peak originates from hydrogen trapped at the interfaces between graphite nodules and ferrite matrix. The microstructural observations showed that in the presence of hydrogen, graphite nodules detach from the matrix under applied load, but only after microcracks initiated at the interfaces perpendicular to the loading direction.
The activation energy of the TDS peak observed at 700 K (exceeding 1.00 eV) may evidence the presence of a small quantity of molecular hydrogen in microsize and nanosize voids, which are always present in cast iron. The details of hydrogen molecule thermal decomposition in such small voids are still unclear, and the mechanism of the high-temperature peak has to be analyzed in detail.
Hydrogen-induced ductility loss in CERT and the mechanism of hydrogen embrittlement of cast iron, which was hydrogen-charged from 20% solution of NH 4 SCN for 48 h, were studied by Matsunaga et al. (2014) . It was found that hydrogen charging results in a remarkable reduction of elongation to fracture, which decreases with decreasing strain rate. The CERTs performed in the present study manifest, in general, the same behavior, but a large scatter of elongation to fracture was observed for both hydrogen-free and hydrogen-charged specimens. The observed scatter may originate from the thin plate shape of the tensile specimens, indicating a high sensitivity of the studied cast iron to the size of the specimen and stress concentration at the specimen edges.
The most important finding in the present study is the hydrogen effect on creep rate in CLT and the corresponding creep behavior. A remarkable, two orders of magnitude increase of the strain rate in CLT of both A-and B-type cast irons under continuous hydrogen charging clearly evidences a specific mechanism of the hydrogen-induced embrittlement under constant loading. It can be assumed that the observed increase of creep rate originates from the hydrogen gas of high fugacity forming in the cast iron under continuous hydrogen charging. The hydrogen gas pressure in combination with the applied tensile stress may enhance fracture, if hydrogen gas filled cavities form around the graphite nodules. However, no marked de-bonding of the graphite nodules was observed before brittle microcrack initiation in CLT under continuous hydrogen charging. The small and narrow brittle microcracks formed first in the ferrite matrix before final fracture. The initiation of many small cracks will contribute to the macroscopic strain observed during CLT. Hydrogeninduced cracking at graphite nodules will be the subject of further studies.
Finally, it is worth to note that the mechanical behavior of cast iron is different under tension and compression loading, the yield stress in compression being up to 7% larger than in tension (Hutter et al., 2015) . The results obtained in the present study on the hydrogen-enhanced creep of cast iron under tensile loading may not directly apply to compressive loading because of the canisters' own weight and hydrostatic pressure in the long-term disposal conditions. However, the obtained results clearly indicate that the studied cast iron exhibits a remarkable sensitivity to hydrogen, which may as well play a significant role in affecting the mechanical integrity of the cast iron insert under compressive loading, but certainly under asymmetric loading due to uneven bentonite swelling and arbitrary rock shear. Thus, more studies are needed to clarify the effects of hydrogen uptake on mechanical performance of cast iron in the repository conditions.
Conclusions
The damage tolerance analyses of the cast iron insert in the KBS-3 method for disposal of spent nuclear fuel should be based on the allowed defect size and actual mechanical properties in the operation conditions taking into account, e.g. irradiation embrittlement, hydrogen embrittlement, creep, and blue brittleness of cast iron. These phenomena may make the cast iron insert brittle, and if it fractures, it is possible that the copper liner will also break. This paper discusses these issues. In addition, experimental studies were performed in continuous hydrogen charging on creep, embrittlement, and brittle fracture of ductile cast iron. The following were observed: -Thermal desorption of hydrogen from the studied nodular cast iron manifests three distinct peaks with initial maxima of the peaks located at 400, 500, and 700 K at a heating rate of 6 K/min.
-The 400 K peak shifts toward 450 K when load is applied in CLT and the absorbed hydrogen content increases markedly, up to two orders of magnitude. In addition, the hydrogen content (amplitude of the 400 K peak) is dependent on the loading time. -The 500 K peak shifts toward 560 K by hydrogen charging, but the applied load in CLT does not change the appearance of the peak markedly. -The 700 K peak originates most likely from metallurgical hydrogen or small quantity of molecular hydrogen in microsize and nanosize voids. -CLT of both studied types of cast iron under continuous hydrogen charging results in a remarkable increase of strain rate up to 3 × 10 −6 s −1 when compared to CLT in air and distilled water, where the strain rate was about 2 × 10 −8 s −1 . -Fractography of the cast iron specimens after CERT and CLT under hydrogen charging manifests a brittle fracture mechanism. Ligaments between the graphite nodules exhibit brittle cleavage facets in the presence of hydrogen, while the ligaments show a characteristic ductile appearance of shear and small dimples when testing in air or distilled water. -Crack advance in hydrogen-free cast iron proceeds by large void formation at graphite nodules and linking of the voids by shear and small microvoids in the ferrite matrix. Under continuous hydrogen charging, a large number of small brittle cleavage cracks initiate at graphite nodules perpendicular to the loading direction, and their coalescence ahead of the main crack causes the crack advance.
